Abstract-This paper presents improved techniques for the shape control of composite material plates using piezoelectric actuators. The application of this work is for the shape control of spacecraft antenna to correct surface errors introduced by manufacturing, in-orbit thermal distortion, and moisture. A finite element model has been developed for a composite plate with distributed piezoelectric actuators and sensors. To improve the accuracy of the prediction of plate deformation, a simple higher-order deformation theory is used. The electric potential is treated as a generalized coordinate, allowing it to vary over the element. The applied voltages to the actuators are optimized to minimize the error between the desired shape and the deformed shape. Based on these techniques, two computer programs were developed on finite element modeling and optimization. The analytical results demonstrate the use of piezo-electric actuators for the active shape control of spacecraft antennas. 0
INTRODUCTION
For a communications satellite designer, providing precision surface for antenna reflectors has been a challenging problem. The surface errors are introduced by manufacturing errors, thermal distortion in orbit, moisture, loose structural joints, material degradation, and creep. These reflectors are made of graphite-epoxy structures because of requirement for low thermal distortion. Significant time and cost are spent during fabrication, analyses, and ground tests to minimize and determine surface errors. Even with this effort, several current spacecraft antenna surfaces have higher than predicted surface errors, resulting in poor antenna performance. The problem is even more critical for support structures of optical payloads. Smart structures, with the ability to correct on-orbit surface errors, have great potential for precision structures. The application of smart structures technology will also result reduction in cost in analyses and ground tests. Smart structures can also provide antenna beam shaping.
In general, smart structures are elements of the system that are able to sense the state of the structure and change it as the system demands. There has been a number of recent studies [l] on the use of smart structures for vibration control, shape control, and noise reduction. While substantial research tPaper IAF-96.1.4.02 presented at the 4th International Astronautical Congress, Beijing, China, 7-11 October 1996. $'To whom all correspondence should be addressed. effort has been devoted to the use of smart structures for the active vibration suppression, considerably less attention has been focused on the use of smart structures for shape control. A number of materials are available which may be used as sensor or actuator elements of smart structures. These materials include piezoelectric polymers and ceramics, shape memory alloys, electric-rheological fluids and optical fibers.
Active vibration control and shape control using smart structures is an active area of research at Spacecraft Research and Design Center at the Naval Postgraduate School. This paper presents the recent results of shape control using piezoelectric actuators. Although piezoelectric are limited to the production of relatively small structural deformations, they may be more than adequate for certain applications, such as countering thermal distortion and manufacturing errors in precision spacecraft antennas.
The objective of this research is the shape control of a composite plate using piezoelectric actuators such that the mean-square error between the desired shape and the achieved shape is minimized. The problem is analyzed in three parts: (a) finite element model of laminated composite plate using simple high-deformation theory; (b) finite element model of laminate plate with piezoelectric actuators with actuator potential as a generalized coordinate; (c) optimization of actuator voltages to minimize mean square error between the desired shape and achieved shape. 
FINITE ELEMENT MODEL OF COMPOSM'E PLATE and
The finite element model is based on the following displacement field [2] W.u,y,z) = uo + Z$," + z2ifi + Z3$& Thus, the Lagrangian is V(x.y,z) = vo + z$yo + 2*1yo + z3iyo.
where UO, VO, and W. are the displacement of a point on the reference surface with coordinates (x, J, 2). 4X and &, are the average rotation about ~7 and x axes, respectively, of the normal to the midsurface of the undeformed plate, and z is the distance of a point from the mid-plane along z axis. The remaining terms correspond to higher-order rotations and are determined by applying the conditions that the top and the bottom surface are free from transverse shear stresses.
A four-node, bilinear, isoparametric, rectangular eiement with seven degrees of freedom at each node is developed. The generalized displacement vector at a nodal point is given by
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The linear piezoelectric constitutive equations coupling the elastic field and electric field are expressed as:
where D is the electric displacement vector, e is the dielectric permittivity matrix, E is the strain vector, E" is the dielectric matrix at constant mechanical strain, E is the electric field vector, 6 is the stress vector, and c is elasticity matrix for a constant electric field.
Hamilton's principle is used to determine the equations of motion. The Lagrangian 3 of a piezoelectric body is defined in terms of total kinetic energy R and potential energy Fi (including strain and electrical energies);
where 4 is the velocity and V is the piezoelectric volume. The virtual work 6 W done by the external force and the applied surface charge density applied to the piezoelectric body is
where st and s2 are the surfaces at which the mechanical and eIectrica1 loads are applied, respectively, P, is a surface load and #I is the electric potential. The Hamilton's principle is (10) where tl to t2 is the time interval and all variations must vanish at 1 = tl and t = 12.
Since the thickness of the piezoelectric layers is very small, it is assumed that the electric potential function is zero at the interface with laminated substructure and varies linearly across the thickness of the sensor or actuator as follows:
where hLp is the z coordinate of the lower interface and 40" can be treated as the generalized coordinate like generalized displacement coordinates at the mid-plane of the actuator and sensor layers. A finite element model of the composite plate with piezoceramic actuator/sensor, as shown in Fig. 1 , is developed. The equation of motion of the system becomes as follows:
In the above equation, q is nodal displacement vector as defined for composite plate and 8) is electric generalized coordinate related to electrical potential at the nodal point, M is the mass matrix, C is the damping matrix, K are the stiffness and interaction matrices between actuator potential and displacement, F is the external mechanical force and G is charge excitation. It should be noted that in this formulation, electric potential is allowed to vary across the element. 
The problem is to determine optimum actuator voltages for given actuator locations to minimize the error between the desired shape and achieved shape. The analysis is based on the small deformation theory. The shape of the surface is defined by the z coordinate. The shape can be specified by a polynomial function in x and y as: zo = l&l + atx + a2y + qxy + (14x* + a5y*.
The desired shape is specified as .&Jes = bo + 61x + bay + b3xy + b.tx* + b59,
where a and b are constants. From the Fig. 2 , as an example, A is a point on the original shape. Due to the actuator voltage, the deflection is 6x0 and 6zo. The error A is between the deformed point A' and desired point A" with the same x and y coordinates. The error function for an element takes the form
R where n is error function for the element, 4 is the element domain, A represents the difference between the z coordinate on the reference surface of the desired shape and the z coordinate of a corresponding point on the actual surface. The error function for the surface is defined as the summation of the error functions of the elements. The objective is to make the error function as small as possible such that the error between the desired surface and the actual surface is minimized. From Fig. 2 , the distance A is defined as
A = (~0 + 6~0) -(z,,m + a~,&.
As discussed in the previous sections, the deflection can be represented as a function of applied voltages. Therefore, the error function for one element in master element coordinate is written as: 
where m is the number of finite elements in the structure and V is actuator voltage. MALAB optimization functions f-min and f-mins are used to find the optimum actuator voltage to minimize the error function. The function f-min is used for one constrained actuator voltage. The function f-mins is used for unconstrained multiactuator voltages.
NUMERICAL ANALYSIS
Two MATLAB codes were developed based on these techniques. The first code COMPZ is a finite element code to solve a laminated plate with piezoelectric actuators and subjected to mechanical and electrical loads. The second MATLAB code OPTSHP determines change in the shape due to the application of mechanical loads and computes the optimum actuator voltages to minimize the objective function.
To validate the code COMPZ, the results from this code for composite plate with piezoelectric actuator were compared with the analytical results from Ref.
[S] and finite elements results from Ref. [6] . The example used is a square plate consisting of a three-layered cross-ply laminated plate with thickness of 3 mm. Piezoelectric PVDF layers of 40 pm were used and it covered the whole surface.
The properties of the graphite-epoxy composite are as follows:
El 1 = 172.4 GPa (25 x lo6 psi) E22 = 6.9 GPa (1 O6 psi); Grz= Grs = 3.45 GPa (0.5 x lo6 psi); G2s = 1.38 GPa (0.2 x 106); vt2=v,3=0.25.
The piezoelectric PVDF layer properties are as follows: es1 = 0.0460 C/m2; e32 = 0.0460 C/m'; es3 = 0.0000 C/m2. The mechanical loading and electric potential distribution are described by:
and 4(x,~~,h,) = V sin(zx/u) sin(ny/b).
The deflection is normalized as
where ET is the transverse Young's modules of the graphite/epoxy layers, 1 is the span to thickness ratio, h is the structure thickness. Figure 3 shows the normalized center deflection versus length to thickness ratio and comparison with the analytical solution from Ref. To demonstrate the use of OPTSHP to determine optimum actuator voltages, a square 0.45 x 0.45 m plate with three layers (O"/W/Oo) is used and piezoelectric actuators are placed on the top surface. The length to thickness ratio is 50. The plate is divided into nine elements, as shown in Fig. 4 . The properties of the graphite/epoxy and piezoelectric actuators are the same as in the previous example. The original shape is chosen to be flat plate and the desired shape is selected as follows: Zdes = 1 x 10-9x2 -4.2 x lo-'*xy + 6 x 10-'y2.
(23) Table 1 gives optimum actuator voltage and error function value as a function of location of the actuator. The program f-min is used to determine optimum actuator voltage to minimize the error between the desired surface and the deformed surface. The voltage has constraint such as -100 < V < 100. It is clear that the actuator voltage and error function are significantly dependent on the location of the actuator. Table 2 gives the optimum voltages and error function when two actuators are used. In this case, the program f-mins is used to determine the optimum actuator voltages and the voltages are unconstrained. The results show that the location of actuators has significant influence on the optimum voltage and the error function.
CONCLUSIONS
A finite element model is developed to analyze a composite plate with piezoelectric actuators and sensors. A simple higher-order shear deformation theory is used to improve the prediction of plate deformation in comparison to linear theory. The actuator potential is used as a generalized coordinate to allow variation of the potential over the finite element. A MATLAB code COMPZ is developed based on these techniques and is validated by comparing the numerical results with analytical solutions and finite element solutions from other investigators.
A MATLAB code OPTSHP was developed to determine actuator voltages to minimize the error between the desired shape and the actual shape. The numerical results demonstrate the application of piezoceramic actuators for correcting antenna surface errors. Further work is required to develop systematic approach to determine optimum location of actuators to minimize shape error.
